Aim: Sphingosine kinase 1 (SPHK1) is involved in various cellular functions, including cell growth, migration, apoptosis, cytoskeleton architecture and calcium homoeostasis, etc. As an oncogenic kinase, SPHK1 is associated with the development and progression of cancers. The aim of this study was to investigate whether SPHK1 was involved in hepatocarcinogenesis induced by the hepatitis B virus X protein (HBx). Methods: The expression of SPHK1 in hepatocellular carcinoma (HCC) tissue and hepatoma cells were measured using qRT-PCR and Western blot analysis. HBx expression levels in hepatoma cells were modulated by transiently transfected with HBx or psi-HBx plasmids. The SPHK1 promoter activity was measured using luciferase reporter gene assay, and the interaction of the transcription factor AP2α with the SPHK1 promoter was studied with chromatin immunoprecipitation assay. The growth of hepatoma cells was evaluated in vitro using MTT and colony formation assays, and in a tumor xenograft model. Results: A positive correlation was found between the mRNA levels of SPHK1 and HBx in 38 clinical HCC samples (r=+0.727, P<0.01). Moreover, the expression of SPHK1 was markedly increased in the liver cancer tissue of HBx-transgenic mice. Overexpressing HBx in normal liver cells LO2 and hepatoma cells HepG2 dose-dependently increased the expression of SPHK1, whereas silencing HBx in HBxexpressing hepatoma cells HepG2-X and HepG2.2.15 suppressed SPHK1 expression. Furthermore, overexpressing HBx in HepG2 cells dose-dependently increased the SPHK1 promoter activity, whereas silencing HBx in HepG2-X cells suppressed this activity. In HepG2-X cells, AP2α was found to directly interact with the SPHK1 promoter, and silencing AP2α suppressed the SPHK1 promoter activity and SPHK1 expression. Silencing HBx in HepG2-X cells abolished the HBx-enhanced proliferation and colony formation in vitro, and tumor growth in vivo. Conclusion: HBx upregulates SPHK1 through the transcription factor AP2α, which promotes the growth of human hepatoma cells
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in China and the fifth most common cancer worldwide. Because of its late diagnosis and high recurrence rate, HCC is an aggressive human cancer and the second leading cause of death in the world [1] . Chronic infection with the hepatitis B virus (HBV) has been directly linked with the development of HCC. The HBV X protein (HBx), encoded by the HBx gene, has been detected with a high frequency in liver cells from patients suffering from chronic hepatitis, cirrhosis, and liver cancer [2, 3] . Extensive evidence shows that HBx is a multifunctional regulatory protein and plays a crucial role in hepatocarcinogenesis, which involves modulation of cell growth regulatory genes, regulation of apoptosis and inhibition of nucleotide excision cellular DNA [4] [5] [6] . Our group has reported that HBx upregulates oncoproteins Rab18, Lin28A/ Lin28B and YAP and modulates non-coding RNA HULC and miR-205 to promote hepatocarcinogenesis [7] [8] [9] [10] [11] . HBx protein promotes liver cell proliferation via a positive cascade loop involving arachidonic acid metabolism and p-ERK1/2 [12] . However, the underlying mechanism of hepatocarcinogenesis mediated by HBx is not well documented.
Recent studies indicate that high-risk cancer is linked to metabolic disorders, such as those impacting lipids and sphingolipids. Sphingosine kinase 1 (SPHK1) is a conserved enzyme that generates Sphingosine-1-phosphate (S1P) to regulate neurotransmission, synaptic function and neuronal cell proliferation by activating five G-protein-coupled receptors (S1P1-S1P5). SPHK1 plays a crucial role in the regulation of the sphingolipid biostat [13] . Mounting evidence suggests that SPHK1 is associated with various cellular functions such as cell growth, migration, apoptosis, cytoskeleton architecture and calcium homoeostasis. As an oncogenic kinase, SPHK1 is upregulated in several types of cancers and is correlated with the development and progression of the disease. It has been reported that SPHK1/S1P is involved in chronic intestinal inflammation and colon tumorigenesis [14] , and SPHK1 overexpression contributes to cetuximab resistance in human colorectal cancer models [15] . Sphingosine kinase 1 promotes tumor cell migration and invasion via the S1P/EDG1 axis in HCC [16] . SPHK1 regulates proliferation and survival responses in triple-negative breast cancer [17] . Furthermore, inhibition of SPHK1 can suppress the migration and proliferation of ovarian cancer and hepatocellular carcinoma cells [18] [19] [20] . Given that SPHK1 is upregulated in HCC, we predict that SPHK1 might be involved in the hepatocarcinogenesis that is mediated by HBx.
In this study, we are interested in the role of HBx in the modulation of SPHK1 to enhance the growth of hepatoma cells. Interestingly, our data indicate that HBx is able to elevate the expression of SPHK1 in hepatoma cells by upregulating transcription factor AP2α. Our findings provide new insights into the mechanism by which HBx enhances proliferation of hepatoma cells.
Materials and methods
Patient and HBx-transgenic (HBx-Tg) mice samples Thirty-eight HCC tissue samples utilized in this study were obtained from Tianjin Tumor Hospital (Tianjin, China) after surgical resection. Clinical information regarding patients was obtained from patient records and is summarized in Supplementary Table 1 . All patients were diagnosed with primary HCC, and none had received previous radiotherapy or chemotherapy before surgery. Written consent approving the use of their tissues for research purposes was obtained from each patient following the operation. The liver and HCC tissues of HBx-Tg mice were obtained from the Genetic Laboratory of Development and Diseases, Institute of Biotechnology (Beijing, China) [21] . The study was approved by the Institute Research Ethics Committee at Nankai University (Tianjin, China).
Cell lines and cell culture Hepatoma cell lines HepG2, HepG2-P (a HepG2 cell line with an integrated pcDNA3.1 vector), HepG2-X (a HepG2 cell line with an integrated pcDNA3.1-HBx vector) and HepG2.2.15 (a HepG2 cell line with integrated full-length HBV DNA) were maintained in Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY, USA) [9] . Liver cell lines LO2, LO2-P (a LO2 cell line with an integrated pcDNA3.1 vector), and LO2-X (a LO2 cell line with an integrated pcDNA3.1-HBx vector) were cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal calf serum (FCS), 100 U/ mL penicillin, and 100 mg/mL streptomycin in 5% CO 2 at 37 °C [22] .
RNA extraction, reverse-transcription and quantitative real-time polymerase chain reaction (qRT-PCR) Total RNA was extracted from cells (or tumor tissues) using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The total extraction was treated with DNase I (Sigma, St Louis, MO, USA). First-strand cDNA was synthesized as previously reported [23] . Reverse transcription was performed using poly(A)-tailed total RNA and reverse transcription primer with ImPro-II Reverse Transcriptase (Promega, Madison, WI, USA) according to the manufacturer's protocol. qRT-PCR was performed using a Bio-Rad sequence detection system according to the manufacturer's instructions using double-stranded, DNA-specific Fast Start Universal SYBR Green Master (Roche, Indianapolis, IN, USA). Experiments were conducted in duplicate in three independent assays. Relative transcriptional folds were calculated as 2 -ΔΔCt . GAPDH was used as an internal control for normalization. All of the primers used in this study are listed in Supplementary Table 2 .
Western blot analysis Western blot analysis was carried out using a previously described protocol [10] . The following primary antibodies were used: mouse anti-HBx (Abcam, Cambridge, UK), rabbit anti-SPHK1 (Proteintech, Wuhan, China), rabbit anti-AP2α (Proteintech), mouse anti-β-actin (NeoMarkers, MA, USA), and rabbit anti-β-actin (NeoMarkers, MA, USA).
RNA interfering (RNAi)
The short interfering RNA (siRNA) duplexes targeting AP2α (si-h-TFAP2A_001, si-h-TFAP2A_002, si-h-TFAP2A_003) were designed and synthesized by Ribobio Co Lit (Guangzhou, China). The sequences of si-SPHK1 and the construction of psi-HBx were reported in previous studies [9, 24] . The control cells were treated with 100 nmol/L si-Control (NControl_05815) synthesized by Ribobio Co Lit or 2 μg pSilence vector. The dose of siRNA and si-Control was determined according to the product specification from Ribobio Co Lit.
Luciferase reporter gene assays Luciferase reporter gene assays were performed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions. Cells were transferred into 24-well plates at 3×10 4 cells per well. After 24 h, the cells were transiently co-transfected with 0.1 www.nature.com/aps Lu ZP et al Acta Pharmacologica Sinica npg μg/well of pRL-TK plasmid (Promega) containing the Renilla luciferase gene used for internal normalization and constructs containing the core region of the SPHK1 promoter (the wild type pGL3-320 and the mutant pGL3-320-mut). The luciferase activities were measured as previously described [9, 12] . All experiments were performed at least three times.
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed in HepG2-X cells, as previously reported [9] . The promoter region of the SPHK1 that included the AP2α binding site was amplified from the immunoprecipitated DNA samples with specific primers. All primers are listed in Supplementary Table 2 .
MTT assays HepG2 cells were seeded onto 96-well plates (1000 cells/well) for 24 h before transfection, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were used to assess cell proliferation daily from the first day until the third day after transfection. The MTT protocol was previously described [25] .
Analysis of colony formation
For clonogenicity analysis, 48 h after transfection, 1000 viable transfected cells (LO2-P, LO2-X, LO2-X+si-SPHK1; HepG2-P, HepG2-X, HepG2-X+si-SPHK1) were placed in 6-well plates and maintained in complete medium for 2 weeks. Colonies were fixed with methanol and stained with methylene blue. 
Animal transplantation

Statistical analysis
Each experiment was repeated a minimum of three times. Statistical significance was assessed by comparing mean values (±standard deviation, SD) using Student's t-test for independent groups, and significance was assumed for P<0.05 and P<0.01. Pearson's correlation coefficient was used to determine the correlation between the levels of HBx and SPHK1 mRNA in HCC tissues.
Results
The mRNA levels of HBx are positively associated with those of SPHK1 in clinical HCC tissues It has been reported that the mRNA levels of SPHK1 are upregulated in liver cancer tissues [16] . We evaluated the relationship between HBx and SPHK1 in clinical HCC tissues. Our data showed that the mRNA levels of HBx were positively correlated with those of SPHK1 in 38 clinical HCC samples (P<0.01, r=0.727, Pearson's correlation) ( Figure 1A) . Further, we detected the expression of SPHK1 in the liver or HCC tissues from HBx-Tg mice. Interestingly, we found that SPHK1 was upregulated in 6-month-old HBx-Tg mice ( Figure  1B) . SPHK1 was especially highly expressed in liver cancer tissues from HBx-Tg mice aged 18 months, suggesting that HBx is able to upregulate SPHK1 in HBx-Tg mice. With these two findings, we conclude that the mRNA levels of HBx are positively associated with those of SPHK1 in clinical HCC tissues. HBx is able to upregulate the expression of SPHK1 To further validate the relationship between HBx and SPHK1, we examined the expression of SPHK1 in LO2 or HepG2 cells transiently transfected with pcDNA3.1-HBx using RT-PCR and Western blot analysis. We found that HBx could upregulate SPHK1 in a dose-dependent manner at both the levels of mRNA and protein (Figure 2A and 2C) . We also observed that SPHK1 was upregulated in HepG2-X and HepG2.2.15 cell lines (Supplementary Figure 1) . In contrast, depletion of HBx by psi-HBx could downregulate the expression of SPHK1 in HepG2-X and HepG2.2.15 cells in a dose-dependent manner at both the levels of mRNA and protein ( Figure 2B and 2D ), suggesting that HBx is able to upregulate SPHK1 in hepatoma cells. Thus, we conclude that HBx upregulates the expression of SPHK1 in hepatoma cells.
HBx activates SPHK1 promoter through upregulating trans cription factor AP2α
To determine the underlying mechanism by which HBx upregulates SPHK1, we investigated the transcriptional regulation of SPHK1. We found that HBx was able to enhance the activity of the SPHK1 promoter in HepG2 cells in a dose-dependent manner ( Figure 3A ), but HBx RNA interference decreased the activity of the SPHK1 promoter in HepG2-X cells ( Figure 3B ), suggesting that HBx activates the transcription of SPHK1. We then analyzed the promoter of SPHK1 using a bioinformatic tool (http://alggen.lsi.upc.edu). Interestingly, we observed an AP2α binding site in the -20 to -15 region of the SPHK1 promoter. AP2α plays an important role in the development of cancers. It has been reported that HBx upregulates AP2α in hepatoma cells to regulate Raf1 promoter activity [26] . We further validated the expression levels of AP2α by Western blot analysis in HBx-overexpressed HepG2 and HepG2.2.15 cell lines (Supplementary Figure 2A and 2B) , supporting the idea that HBx is able to upregulate AP2α in hepatoma cells. Therefore, we investigated the role of AP2α in activation of the SPHK1 promoter mediated by HBx. We constructed a mutant version of the SPHK1 promoter, termed pGL3-320-mut, with a deletion of six nucleotides in the binding site of AP2α (Figure 3C ). As expected, we observed that the relative luciferase activity of pGL3-320-mut was decreased compared to that of pGL3-320 in HepG2 and LO2 cells ( Figure 3C ). Moreover, we measured the expression levels of SPHK1 at the mRNA and protein levels using RT-PCR and Western blot analysis, respectively, in HepG2-X cells transiently transfected with si-AP2α. We found that AP2α siRNA could downregulate the expression of SPHK1 in HepG2-X in a dose-dependent manner ( Figure 3D and Supplementary Figure 2C) , suggesting that AP2α is required for the transcription of SPHK1. ChIP assay further showed that AP2α was able to directly interact with the SPHK1 promoter in HepG2-X cells ( Figure 3E ). In addition, an AP2α siRNA pool significantly abolished the HBx-increased activation of the SPHK1 promoter ( Figure 3F ), suggesting that AP2α is responsible for the activation of the SPHK1 promoter increased by HBx. Interference efficiency of the si-AP2α pool was detected in HepG2 cells by Western blot analysis ( Figure 3G ). These two findings indicate that HBx activates the SPHK1 promoter by upregulating transcription 
HBx promotes proliferation of hepatoma cells through SPHK1 in vitro and in vivo
Next, we evaluated the role of SPHK1 in promoting proliferation of hepatoma cells mediated by HBx. MTT assays showed that HBx was able to accelerate the proliferation of hepatoma cells. However, SPHK1 siRNA could block the promotion of cell proliferation mediated by HBx ( Figure 4A) . A colony formation assay showed that HBx increased the size and number of the colonies of LO2 and HepG2 cells. In contrast, SPHK1
siRNA blocked this event ( Figure 4B ), suggesting that SPHK1 is involved in the HBx-enhanced proliferation of hepatoma cells. We further verified these data in vivo using a tumor xenograft model. We observed that HBx accelerated the growth of tumors transplanted into nude mice, but the treatment with si-SPHK1 could markedly block the tumor growth ( Figure 5A-5C ). The expression levels of HBx and SPHK1 were confirmed by Western blot analysis in the tumor tissues of mice ( Figure 5D ). In addition, immunohistochemistry staining of Ki-67, a marker of proliferation, further attested that interference by SPHK1 blocked the HBx-enhanced tumor 
Discussion
HCC is one of the most common malignant cancers worldwide. Substantial evidence has suggested that HBx displays crucial functions in the pathogenesis of HCC [2, 27] . It has been reported that SPHK1 plays an important role in the regulation of fundamental biological processes and tumorigenesis [17, [28] [29] [30] . Therefore, we are interested in whether SPHK1 is involved in HBx-induced hepatocarcinogenesis.
To demonstrate the relationship between HBx and SPHK1 in HCC, we examined the mRNA levels of HBx and SPHK1 in clinical HCC tissues using qRT-PCR. Interestingly, we found that the mRNA levels of HBx were positively correlated with those of SPHK1 in the tissues. Moreover, we observed that SPHK1 was upregulated in the tissues of 6-month normal liver and 18-month liver cancer from HBx-Tg mice. This result suggests that HBx might upregulate SPHK1 in liver cancer. Our data revealed that HBx was capable of upregulating SPHK1 in hepatoma cells. SPHK1 catalyzes the phosphorylation of sphingosine to generate the bioactive lipid S1P. SPHK1 is activated by several factors, including ganglioside GM1 (GM1), G-protein coupled receptors, small GTPases, tyrosine kinase receptors, pro-inflammatory cytokines, immunoglobulin receptors, and calcium and protein kinase activators, and it is involved in numerous biological processes including cell growth, proliferation, differentiation, apoptosis, motility, and cytoskeletal rearrangement [31] . It has been reported that SPHK1 promotes tumor progression and confers the malignancy phenotypes of colon cancer by regulating the focal adhesion kinase pathway and adhesion molecules [32] . SPHK1 promotes cell proliferation, migration and invasion through the S1P/EDG1 axis and the NF-κB pathway in HCC [16, 19] . Therefore, we hypothesizedthat SPHK1 might be involved in the hepatocarcinogenesis mediated by HBx.
Next, we further investigated the underlying mechanism by which HBx upregulates SPHK1. Interestingly, we found that HBx could activate the promoter of SPHK1. Bioinformatic analysis showed that there was an AP2α binding site in the promoter region of SPHK1. AP2α is a transcription factor that orchestrates a variety of cell processes, including cell growth and tissue differentiation [33, 34] . It has been reported that the AP2 binding motif of the promoter region of the SPHK1 gene is important for its induction by the glial cell line-derived neurotrophic factor (GDNF) [35] . Overexpression of AP-2α activates the transcription activities of Hoxa7, Hoxa9 and Meis1 and regulates acute myeloid leukemia cell proliferation [36] . Dysregulation of AP-2α expression is associated with impaired IFN-γ actions in cancer cells [37] . Thus, we selected AP2α for further study. Interestingly, we showed that AP2α was required for the activation of the SPHK1 promoter in hepatoma cells. AP2α siRNA could decrease the expression of SPHK1 induced by HBx in HepG2-X cells. Moreover, the ChIP assay demonstrated that AP2α could bind to the AP2α element in the promoter of SPHK1.
It has been reported that HBx plays a crucial role in transactivation, involving many important oncogenes, transcription factors and signal pathways, such as PTEN, P53, YAP, NF-κB, PI3K/mTOR, in hepatocarcinogenesis [9, [38] [39] [40] [41] [42] . Therefore, we assessed whether HBx can transactivate AP2α to activate the promoter of SPHK1. Accordingly, hepatitis B virus regulates Raf1 promoter activity through activation of transcription factor AP2α [26] , and we validated that HBx was able to upregulate AP2α in hepatoma cells, which is consistent with this report. Thus, our data suggest that HBx enhances the expression of SPHK1 by upregulation of AP2α in hepatoma cells. Functionally, we demonstrated that SPHK1 siRNA remarkably inhibited the growth of hepatoma mediated by HBx in vitro and in vivo. Our data are consistent with the reports that SPHK1 is able to promote tumor cell proliferation [17, 43] . Therefore, HBx modulates SPHK1 via upregulating transcriptional factor AP2α in promotion of hepatoma cell growth. Therapeutically, SPHK1 may serve as a target in liver cancer. 
